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Infectious pancreatic necrosis virus (IPNV), a pathogen of salmon and trout, imposes a severe toll on the
aquaculture and sea farming industries. IPNV belongs to the Aquabirnavirus genus in the Birnaviridae family
of bisegmented double-stranded RNA viruses. The virions are nonenveloped with a T=13/ icosahedral capsid
made by the coat protein VP2, the three-dimensional (3D) organization of which is known in detail for the
family prototype, the infectious bursal disease virus (IBDV) of poultry. A salient feature of the birnavirus
architecture is the presence of 260 trimeric spikes formed by VP2, projecting radially from the capsid. The
spikes carry the principal antigenic sites as well as virulence and cell adaptation determinants. We report here
the 3.4-A resolution crystal structure of a subviral particle (SVP) of IPNV, containing 20 VP2 trimers organized
with icosahedral symmetry. We show that, as expected, the SVPs have a very similar organization to the IBDV
counterparts, with VP2 exhibiting the same overall 3D fold. However, the spikes are significantly different,
displaying a more compact organization with tighter packing about the molecular 3-fold axis. Amino acids
controlling virulence and cell culture adaptation cluster differently at the top of the spike, i.e., in a central bowl
in IBDV and at the periphery in IPNV. In contrast, the spike base features an exposed groove, conserved across
birnavirus genera, which contains an integrin-binding motif. Thus, in addition to revealing the viral antigenic
determinants, the structure suggests that birnaviruses interact with different receptors for attachment and for

cell internalization during entry.

Birnaviruses form a distinct family of double-stranded
RNA (dsRNA) viruses infecting vertebrates and inverte-
brates (18). Aquatic birnaviruses are the most abundant and
diverse and are grouped in two separate genera: the Aqua-
birnavirus genus and the Blosnavirus genus, with infectious
pancreatic necrosis virus (IPNV) and blotched snakehead
virus (BSNV) (16) as respective type species. A third aquatic
birnavirus of unassigned genus, Tellina virus 1, was recently
described and found to be phylogenetically distant from the
two established genera (40). However, the vast majority of
aquatic birnaviruses are antigenically related to IPNV (i.e.,
belong to the Aquabirnavirus genus), regardless of host spe-
cies or geographical origin (4, 11, 26, 39). They are impli-
cated as etiological agents of disease in a variety of mollusks
and fish species important in aquaculture, causing patholo-
gies such as infectious pancreatic necrosis in salmonids,
nephroblastoma and branchionephritis in eels, and gill ne-
crosis in clams (21, 34, 50). Viruses in the Aquabirnavirus
genus display considerable antigenic diversity and have sub-
stantial differences in biological properties such as host
range and optimal replication temperature. These features
contrast with the properties of other birnaviruses, in partic-
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ular those infecting terrestrial species (avibirnaviruses and
entomobirnaviruses). Based on reciprocal neutralization
tests with polyclonal and monoclonal antibodies, nine cross-
reacting serotypes (Al to A9) have been defined for IPNV
and related aquabirnaviruses (26). Serotype A2 (also known
as Sp) is the most common serotype found in Europe.

Birnavirus particles are nonenveloped, displaying a single-
shelled T=13/ icosahedral capsid of about 70 nm in diameter,
composed of 260 trimers of viral protein 2 (VP2) (5, 15, 42).
Internal to the virion are VP3, which forms a ribonucleopro-
tein complex with the genomic RNA (9, 27, 36), and VP1, the
viral RNA-dependent RNA polymerase, which is found both
free and covalently attached to the genomic RNA (19). The
birnavirus genome consists of two segments of dsSRNA. While
the smaller segment B has a single open reading frame (ORF)
coding for VP1, segment A has two, a large and a small ORF,
encoding the polyprotein precursor pVP2-VP4-VP3 and the
nonstructural VPS5, respectively. VP4 is a protease that cleaves
its own N and C termini off the polyprotein, thus also releasing
pVP2 (the VP2 precursor) and VP3 within the infected cell (3,
20). Subsequent serial cleavages at the C terminus of pVP2
upon particle assembly yield mature VP2 (amino acids 1 to 442
of the IPNV polyprotein) and three other peptides that remain
within the virion (22). The longest of these peptides was shown
to destabilize cell membranes, suggesting a role during entry
(40). Maturation of the pVP2 precursor during assembly and
the presence of VP3 are important for correct morphogenesis
of icosahedral, T=13/ virus particles.

Recombinant expression of mature VP2 alone leads to as-
sembly of small, dodecahedral T=1 subviral particles (SVPs)
containing 20 VP2 trimers (10). The crystal structures of the
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TABLE 1. Data collection and refinement statistics

Parameter Value for Native?

Data collection
SPace GroUP.....ccevivveueiniiiciiricctreeeeenne 123
Cell dimensions

a=b=c(A)
Resolution (A)...

<SI>/<0'I>
Completeness (%)....
Redundancy .......cceceeneccnnccceneccnnnnes 4.5(3.2)

Refinement .
Resolution (A)
No. of reflections

Ry Rice weveeemereeeeieiietceeeeseeencaeeaes 0.2171/0.2334
No. of atoms
Protein ...ceeveveeeviereieeeieeeeeeeceeeeeeveeaens 16,056

Water ........ . .10
Avg B factor (A?)

Protein 100.0

Tons

WALET ettt 37.8
RMSD

Bond lengths (A).. .
Bond angles (°)..... .0.
NCS pairs AB, AC, AD, AE (A).......... 0.014, 0.016, 0.013, 0.021

“ Values corresponding to the highest resolution shell are shown in parentheses.

SVPs of infectious bursal disease virus of poultry (IBDV) were
reported by several groups (15, 23, 31) as well as the three-
dimensional (3D) structure of an intact T=13/ IBDV virion (15).

Exposed at the virion surface, VP2 displays the humoral anti-
genic determinants of the virus and is the only viral protein shown
to induce protective immunity. Furthermore, VP2 plays a key role
during virus entry, being responsible for receptor recognition (8).
Key residues controlling virulence and cell culture adaptation of
IPNV were thus found to map to VP2 (46).

We report here the crystal structure of the IPNV SVP and
show that, like its IBDV counterpart, it is composed of 20 VP2
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trimers organized with T=1 icosahedral symmetry. IPNV VP2
displays the same fold, and the SVP is organized in the same
way, as anticipated from the 43% overall amino acid sequence
identity between the VP2s of the two viruses. The molecules
differ significantly, however, in the loops of domain P, which
forms the projections or spikes. In particular, the 3D structure
shows a clustering of variable residues in the outermost loops
at the top of domain P. Residues associated with virulence and
cell culture adaptation map to the most peripheral of these
loops—away from the 3-fold axis at the convex top of VP2.
This is in contrast to IBDV, in which virulence determinants
map to a central bowl at the top of the VP2 spike. These results
provide new insights for understanding the determinism of
antigenicity and virulence of Aquabirnavirus strains.

MATERIALS AND METHODS

Production of recombinant IPNV SVPs. IPNV SVPs were produced using a
previously described protocol (12). Briefly, the first 442 codons in the cDNA of
segment A (corresponding to mature VP2) (22) of IPNV serotype Sp, French
isolate 31-75 (41), were inserted into the EcoRI site of vector pFastBacl (Gibco
BRL). The resulting plasmid was used to transform a DH10Bac bacmid contain-
ing competent cells. Colonies containing the recombinant bacmid were identified
by disruption of the LacZa gene. High-molecular-weight miniprep DNA was
prepared from selected colonies, and this DNA was used to transfect Sf9 cells
with Lipofectin. The recombinant virus was prepared and amplified by standard
procedures. High-titer virus stocks of the recombinant baculovirus (10% PFU/ml)
were prepared. Sf9 cells were infected at a multiplicity of infection higher than
5 in the presence of protease inhibitors, collected 100 h postinfection, and then
treated with Freon 113. Purification of the particles was carried out by density
gradient centrifugation in a CsCl solution.

Crystallization. SVPs were dialyzed into a solution of 50 mM ammonium
acetate, pH 7.0 and concentrated on ultrafiltration units to 10 mg/ml. Crystals
were grown by vapor diffusion at acidic pH with several different alcohols as
precipitant, such as ethanol, methyl-pentanediol (MPD), isopropanol, and
hexanediol, in the presence of a divalent cation. The best crystals grew in a
solution containing 1 M 1,6-hexanediol, 10 mM CoCl,, and 100 mM sodium
acetate at pH 4.6. These crystals belong to the cubic space group 123, with a
cell edge of 303.4 A. The asymmetric unit consists of 1/12 of the SVP, i.c., 5
of the 60 VP2 polypeptides present in the particle. The icosahedral SVP is
generated from this subset by the symmetry operations of the crystal, i.e., the
3-fold and 2-fold crystallographic axes. For data collection at 100 K, the
crystals were transferred progressively to a cryo-protecting solution contain-

FIG. 1. Structure of IPNV VP2. (A) The SVP is represented in a ribbon representation with base (B; green), shell (S; blue), and projection
(P; rust) domains highlighted. Sixty identical copies of VP2 are organized with T=1 icosahedral symmetry. Scale bar, 100 A. (B) The VP2 trimer,
with the three protomers colored differently (blue, yellow, and red). The inset shows a Co** ion located at the center of the VP2 trimer and
coordinated by Asp26 residues (distance, 2.2A) from the three protomers of the trimer. Residues Asp170 bridge to consecutive Asp26 about the
3-fold axis. (C) Ribbon representation of a VP2 molecule color-coded as described in panel A. The AA’ flap is shown in pink. B-Strands are labeled
according to their order in the primary sequence. N and C termini are labeled in green (B domain color). The loop connecting B-strands E and
F, for which there was a break in the electron density map, is highlighted with a dotted line (also in panel B).
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FIG. 2. Structural comparison between IPNV and IBDV VP2. (A) Structural alignment of IPNV VP2 and IBDV VP2 subunits. The VP2 protomers
were superimposed on their respective S domains and are represented as blue (IPNV) and red (IBDV) C, traces. The molecular 3-fold axis, vertical in
the figure, is represented by a broken line. Regions of structural divergence are boxed. Blue and red stars denote residues implicated in virulence of IPNV
(positions 217 and 221) and IBDV (positions 253, 279, and 284), respectively. (B) Morphological differences of IPNV VP2 and IBDV VP2 spikes. The
molecular surfaces of the respective VP2 trimers are shown in orthogonal views through the surface (side views at top) and from the outside (top views
at bottom) of the particle. Note the more compact arrangement observed for IPNV VP2, with a narrower opening at the center of the trimer and shorter
projections at the top of the spike. (C) Amino acid sequence alignment of IPNV and IBDV VP2s with their respective secondary structure elements
colored according to domains as described in the legend of Fig. 1C (green, base; blue, shell; orange, projection; pink, AA’ flap). Residues in bold font
are not only conserved across IPNV and IBDV sequences but are also strictly conserved within the respective genera. Residues shown in blue and red
are variable between serotypes of IPNV and IBDV, respectively. Red boxes represent regions of structural dissimilarities between IPNV and IBDV also
highlighted in panel A. A gray background indicates regions that were disordered in the crystal structure (including the break in density in domain S).
Black triangles under the sequences mark the amino acids lining the conserved groove at the base of the spike described in the text and in Fig. 3. Blue
and red stars under the sequences denote residues implicated in virulence of IPNV and IBDV, respectively, as in panel A. Note that position 231, marked
with a triangle, is not in bold font because it is not aspartic acid in one of the available IPNV sequences, whereas it is aspartic in every other birnavirus
that has been sequenced to date. Since this is the conserved integrin binding motif, it is possible that the particular sequence has an error at this position.

ing the same buffer in which 30% MPD was substituted for the precipitant
before flash cooling in liquid ethane.

Structure determination. The structure of the IPNV SVP was determined by
molecular replacement using the coordinates of IBDV VP2 (Protein Data Bank
[PDB] entry 1wed) (38). Of note, an initial electron density map of the IPNV
SVP, calculated from initial single isomorphous replacement (SIR) phases and
improved by noncrystallographic symmetry averaging to 3.8-A resolution, had
been instrumental in determining the 3D structure of the IBDV counterpart, as
described by Coulibaly et al. (15). The molecular replacement phases were refined
by 5-fold averaging (47), and the resulting electron density was used to build the
IPNV VP2 model with program O (28). Refinement was done with CNS software
under strict noncrystallographic symmetry (NCS) constraints, attributing separate
temperature factors for the side chain and the main chain of each residue (7). Final
refinement rounds were carried out with Phenix (1) with strong NCS restraints, only
one temperature factor per residue (i.e., because of the relatively limited resolution

of 3.4 A, the number of parameters refined was kept to a minimum), and a trans-
lation-libration-screw (TLS) group per VP2 polypeptide (five TLS groups in total).
The weights used during the final rounds of refinement in Phenix imposed tight
restraints on the geometry of the model, resulting in final root mean square devia-
tions (RMSDs) for bond lengths of 0.005 A and for bond angles of 0.918° compared
to the dictionary values. Reflections in 12 thin shells of resolution accounting for 3%
(1,992 reflections) of all reflections were excluded from the refinement for cross-
validation to minimize contamination from NCS-related reflections. In the final
model (R = 21.7%; Ry = 23.3%) 92.5% of residues were in the favored region of
the Ramachandran plot, with no residue in the disallowed regions (35). Crystallo-
graphic statistics are detailed in Table 1.

Generation of the model for T=13/ IPNV particles. The coordinates of the
13 independent VP2 polypeptides that make up the asymmetric unit of the
T=13/ IBDV virion were retrieved from the PDB (entry 1wce). Program Lsqkab
(13) was used to superpose a VP2 trimer extracted from the IPNV SVP onto
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each of the four trimers present at general positions on the capsid, plus a single
subunit on the trimer lying at the 3-fold icosahedral axis. The complete T=13/
IPNV particle was then generated by applying the 60 icosahedral symmetry
operations to this ensemble.

Ilustrations. The alignment displayed in Fig. 1C was created by ClustalW
(30), and the figure was made with ESprit (24). Other figures were produced with
PyMol (http://www.pymol.org/) and ConSurf (29).

Protein structure accession number. The atomic coordinates and structure
factors of the T=1 IPNV particle have been deposited in the Protein Data Bank
under the accession code 3IDE.

RESULTS AND DISCUSSION

The SVPs. We have determined the structure of subviral
particles of IPNV to a resolution of 3.4 A by X-ray crystallog-
raphy. The 5-fold redundancy of the icosahedral particle
present in a cubic crystal form contributed to maintaining a
favorable ratio of crystallographic observations to parameters
of the atomic model, allowing for an adequate refinement. This
would not have been the case for a less overdetermined struc-
ture at this resolution. The model shows 20 IPNV VP2 trimers
interacting to make a T=1 icosahedral SVP with a marked
dodecahedral shape and a maximum diameter of 260 A (Fig.
1A). The internal and external diameters of the particle shell,
without the projections, are 116 A and 180 A, respectively, with
spikes protruding 42 A from the surface. This arrangement is
common to IPNV and IBDV SVPs and highlights the high
conservation of the capsid shell.

The VP2 trimer. One IPNV VP2 trimer, extracted from the
SVP, is displayed in Fig. 1B. It shows the same organization as
its IBDV counterpart, including a metal ion at the center, on
the molecular 3-fold axis (Fig. 1B, inset). The presence of a
central metal stabilizing each trimer is thus also a conserved
feature of the birnavirus particles. The cation is located on the
3-fold axis between domains B and S, occupying the Ca?™ site
observed in IBDV VP2 (23, 31), coordinated by Asp26 (IPNV
numbering) from the three subunits (Fig. 1B, inset). We mod-
eled this metal as Co*>* because this ion was present at a 10
mM concentration in the crystallization solution. The number
of electrons in cobalt is indeed compatible with the observed
electron density at this site. The presence of the metal was
important for crystallization, perhaps reflecting a stabilization
effect of the ion on the particles, which is in line with obser-
vations that, in the case of IBDV, calcium chelators destabilize
the SVPs (23). In addition, the IPNV VP2 trimer has a chlo-
rine ion also located on the 3-old molecular axis between
domains S and P, coordinated to the main chain amide of
Ala199 of the three VP2 subunits. A chlorine ion at this loca-
tion was also identified in IBDV VP2 (31). The presence of
these ions may further stabilize the VP2 trimer, but their role
could also be to seal the solvent channel present along the 3-fold
axis (which is clearly seen in Fig. 2B). However, the presence of
such ions may also only be a consequence of the special geometry
existing about the 3-fold axis and a fortuitous arrangement of
chemical groups that match the coordination sphere of a circu-
lating ion, which becomes trapped at this location.

The VP2 subunit. The tertiary structure of VP2 comprises
three distinct domains termed base (B), shell (S), and projec-
tion (P), which are shown in Fig. 1C. The most conserved and
most variable regions map to domains S and P, respectively.
The similarity between the SVPs could be anticipated from the
high sequence conservation of domain S among birnaviruses.
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FIG. 3. A conserved groove in birnavirus VP2 proteins. (A) Surface
representation of the IPNV VP2 SVP. One trimer is colored according
to the electrostatic potential on the solvent-accessible surface as cal-
culated by the Adaptive Poisson-Boltzmann Solver (2) and displayed in
PyMo (http://www.pymol.org/). Two negatively charged patches are
obvious, one at the center of the trimer tip and the other at the
conserved groove at the base of the trimer (arrow). (B) Representation
of the sequence conservation across birnaviruses mapped onto the
molecular surface of a VP2 trimer (black-brown-white gradient from
most to least conserved residues). As in panel A, the arrow points to
the conserved groove.

Both domains S (IPNV residues 32 to 176 and 343 to 386) and
P (residues 177 to 342, inserted within S) are folded as jelly roll
B-barrels, oriented tangentially and radially, respectively, with
respect to the icosahedral particle. Strands P, and P,. form a
B-arch (25) contributing a fifth strand to both B-sheets of
domain P of the adjacent protomer (Fig. 1). While domain S is
responsible for the trimer-trimer contacts making the particle,
domain P makes the spikes, which are tower-like projections
easily discernible in electron micrographs of birnavirus parti-
cles. The electron density map of the IPNV SVP displays
unambiguous density for most of the polypeptide chain, allow-
ing the visualization of residues 6 to 428 of VP2, with a break
in density between amino acids 110 to 117 at the distal tip of
domain S, which appears disordered (Fig. 1 and 2C). This
break is most likely due to static disorder, in which the loops do
not follow the symmetry of the particle, rather than to a dy-
namic disorder right at the 5-fold axes of symmetry of the SVP.
The base domain is made by N- and C-terminal helical extensions
of the polypeptide, including residues 1 to 31 and 387 to 442 (Fig.
1C and 2C), bringing together the amino and carboxy termini of
the protomer. Helices al and o2 are amphipathic, with their
hydrophobic patches hidden in a common interface. In contrast,
helix o3 is rich in charged residues, with a relatively loose inter-
action with the S domain and with the rest of the B domain.

Structural alignment. The individual domains B, S, and P of
IPNV and IBDV superimpose well, with RMSDs of 0.8 A, 0.6
A, and 1.8 A for 62, 177, and 124 equivalent C,, atoms, respec-
tively (Fig. 2A). When the entire protomers are superposed,
the RMSD is 1.2 A for 388 equivalent residues. Furthermore,
superposition of the IBDV and IPNV VP2 trimers results in a
global RMS of 1.2 A for 1,152 equivalent C_ atoms. The three
domains of VP2 thus maintain their relative orientations
within the trimer in the two viruses, correlating well with the
extensive and mainly hydrophobic S-S and P-P interfaces.

A conserved, exposed groove at the VP2 surface. The SVP
structure also reveals the presence of a conserved and exposed
groove located at the S-P domain interface at the base of the
spike, with an opening to solvent having dimensions of about 7
A by 16 A. This feature, although also present in the IBDV
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FIG. 4. Model of the IPNV virus particle. Surface representation of the T=13/ lattice of IBDV (left panels) and IPNV (right panels) virions. Red
patches indicate residues implicated in cell culture adaptation and virulence in IBDV (His253, Asn279, and Thr284) and IPNV (Pro217 and Thr221).
(A and B) View along a 5-fold axis of the particle. (C and D) View along a 3-fold axis. Five icosahedrally independent VP2 trimers are labeled a to e
according to the nomenclature established for the IBDV virion (5). Twofold, 3-fold, 5-fold, and pseudo-6-fold axes are indicated with ellipses, triangles,
pentagons, and hexagons, respectively (the holes on these axes in the IPNV virion result from the disordered loop in this region, as explained in the text).
(E and F) Close-up view of contacts between spikes involving domain P. Note the weaker contacts between spikes a-b and c-c, as well as the more closed

organization of the spike head in the IPNV virion.

SVP, had not been described in previous reports. The residues
lining the groove are at the base of the AA’ B-arch, involving
amino acids 94, 176, 179 to 182, and 377 to 379, as well as
residues 131 to 134 and 229 to 231 of the adjacent subunit in
the trimer (Fig. 2C and Fig. 3). Importantly, the N,,,X,30D53,
motif at the base of the groove corresponds to a functional
a4B1 integrin ligand motif recently identified as essential for
IBDV binding to cells (17). The surface of the groove displays
a strong negative electrostatic potential both in IPNV and
IBDV (Fig. 3A). The conserved nature of the residues lining
this exposed groove is indeed compatible with a functional role
(Fig. 3B).

A model for the T=13! shell of the IPNV virion. With the
VP2 structure we further modeled the T=13/ capsid of the
IPNV virion by superimposing the VP2 trimer onto the previ-
ously described structure of the intact IBDV virion (PDB entry
1wce) (15). The T=13! particle contains five independent tri-

mers in the icosahedral asymmetric unit, labeled a through e
according to an earlier study (5). This results in a total of 260
trimers in the capsid (240 trimers a to d, lying in general
positions, plus 20 e trimers at the 3-fold icosahedral axes). This
model assumes that the intertrimer interactions forming the
IPNV virion are similar to those observed in the IBDV virus
particle. This assumption is supported by the observed high
sequence and structure conservation of the shell domain of
VP2 and the similarities between IBDV and IPNV SVPs. The
model of the IPNV virion is shown in surface representation in
Fig. 4 (right panels), displayed alongside the structure of the
IBDV counterpart (Fig. 4, left panels). The extra holes present
at the five- and quasi-6-fold axes of the IPNV particle are due
to the break in ordered electron density in this region, and as
a result loop 110 to 117 is not included in the atomic model of
IPNV VP2. These residues are actually present in the particle
and fill these holes, as in IBDV. The most notable differences
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are at the spike-spike contacts between adjacent trimers in the
T=13I shell, which in the IBDV virion connect trimers a-b, d-e,
and c-c (about the icosahedral 2-fold axes). The a-b and c-c
contacts are maintained but are weaker in the IPNV virion.
These interactions are restricted to the AA’ B-arch of adjacent
trimers and do not involve the top of the spike, in contrast to
the contacts in the IBDV virion. The d-e contacts, already
weak in IBDV, are absent altogether in the IPNV virion (Fig.
4E and F). These differences may have implications for virus
stability and also for the assembly process and correlate well
with reports of a decreased mechanical resistance of IPNV
compared to IBDV virions (22).

Molecular basis for the morphological differences between
birnavirus virions. The differences in the spike contacts be-
tween VP2 trimers in virions of IPNV and IBDV result from
significant alterations in domain P. The amino acids in the
most dissimilar regions are highlighted with red boxes in the
sequence alignment of Fig. 2C and with a colored background
in Fig. 6A. These segments have different relative lengths,
conferring a different overall morphology to the spikes: while
in IBDV they lead to a concave shape at the top, with a central
bowl as the main feature, in IPNV they result in a convex spike,
with a narrow central opening. Of note, the IPNV spikes have
less-pronounced petal-like outward projections, which are the
hallmark of the VP2 trimer in IBDV, giving it a propeller
shape when seen from the top (Fig. 2B). These “petals” are
responsible for spike-spike contacts in the T=13/ particle.

Implications for virulence determinism. Amino acid se-
quence comparisons of IPNV VP2 from various field isolates
of the A2 serotype, which exhibit different mortality rates in
salmon fry, identified putative residues responsible for modu-
lating virulence between strains (43, 45). This was later con-
firmed using a reverse genetics system, demonstrating that
IPNV virulence and adaptation to cell culture are controlled by
two VP2 amino acids at positions 217 and 221 in loop Pgc.
Highly virulent strains have Thr217 and Ala221; moderate- to
low-virulence isolates have Pro217 and Ala221; variants having
Thr221 are almost avirulent, irrespective of the residue at
position 217 (46). To date, no other position in VP2—or in any
other viral protein—has been identified as playing a role in
virulence or in cell culture adaptation. Figures 2 and 5 show
that the Py loop is the most peripheral loop at the top of the
VP2 spike. Because these two residues are exposed and do not
participate in contacts important for the VP2 fold or in inter-
actions between subunits that stabilize the virion, their marked
effect on virulence suggests that they may be involved in at-
tachment to the target cell.

In IBDV, VP2 residues controlling virulence, cell tropism,
and cell culture adaptation were also mapped to loops at the
top of the P domain (6, 33, 48). These are amino acids 253
(loop Ppr), 279 (strand P, close to Prg), and 284 (loop Prg).
These loops are within the central bowl of the spike instead of
the periphery, as loop Py discussed above for IPNV. In sum-
mary, as illustrated in Fig. 4 and 5, the IBDV and IPNV virions
display contrasting patterns of residues controlling virulence and
tropism, mapping to alternative regions at the top of the spike.

Antigenic variation. There is considerable diversity within
the Aquabirnavirus genus, with nine identified serotypes in
contrast to just two in IBDV. The fact that antigenic variability
is more pronounced in IPNV is probably due to their wider
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IBDV

IPNV

FIG. 5. Virulence and tropism determinants in IBDV and IPNV
VP2s. Ribbon representations of IBDV (A and B) and IPNV (C and
D) VP2 trimers, viewed from the side (perpendicularly to the surface
of the virus particle in A and C) and from the top (down the molecular
3-fold axis of VP2 in B and D). The variable loops at the top of domain
P are colored according to the insets (Pj4/, pink; Pge, cyan; Ppg,
green; Prg, orange; Py, red). The side chains of residues implicated in
virulence and cell culture adaptation are shown as spheres. These are
residues His253, Asn279, and Thr284 for IBDV and residues Pro217
and Thr221 for IPNV.

host range (26). Indeed, whereas IBDV infects only chicken
and turkey, IPNV-related viruses have been isolated from fish
belonging to at least 30 different species, as well as mollusks
and crustaceans (26). Why aquabirnaviruses are able to exhibit
a wider host range than their terrestrial homologues (IBDV
and Drosophila X virus) remains an unsolved question. As
expected, the variable residues between Aquabirnavirus sero-
types map to domain P (Fig. 6A). Moreover, they are mainly
clustered in the four outer loops (Prg, Ppr, P, and P,
listed in the order displayed in Fig. 2A, from central to periph-
eral with respect to the 3-fold axis). These loops are also
highlighted in Fig. 6. The changes map, in particular, to the
hypervariable Py and P loops at the center (Fig. 6, red and
green,). In the case of IBDV, in spite of its more limited
antigenic diversity, antibody neutralization escape mutations
map to positions 222 and 223 (loop Py), 251 (Ppg), and 313
and 322 (Pyy;) (44). In addition, using a reverse genetics sys-
tem, it was recently confirmed that a few residues located in
the peripheral Py and Pyy; loops modulate the expression of
neutralizing epitopes in IBDV VP2 (32). Thus, while the IPNV
virulence determinants map to the periphery and residues con-
trolling antigenicity are at the center of the spike, the inverse
pattern is observed in IBDV.

Biological implications. The reported crystal structure of a
subviral IPNV particle allowed an insightful comparative anal-
ysis with the IBDV capsid. These data show that the spikes
have a different shape—convex versus concave—and display a
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FIG. 6. Sequence variability between IPNV serotypes. (A) Sequence alignment of domain P from the nine IPNV serotypes. The variable loops
are colored according to the inset of Fig. 5 (shown also in panel B). (B) The IPNV VP2 trimer in an all-atom representation (as spheres). (C and
D) The SVP viewed along a 5-fold axis. A blue-white-red color gradient was used for strictly conserved residues to highly variable ones as estimated
by the ConSurf server. In panel D, five trimers from the front part of the particle were removed to reveal the internal icosahedral shell.

different interaction network at the surface of the virus parti-
cle. Furthermore, the residues important for virulence and
tissue tropism cluster differently on the spikes. This distribu-
tion may reflect alternative interaction sites with cellular re-
ceptors, the nature of which remain to be identified, in the two
viruses. The segregation of these sites into separate regions of
VP2 in IPNV and IBDV contrasts with the conservation of the
groove containing the integrin binding motif present at the
base of the spike. The symmetry of the particle expands this
groove at the virion surface because it is adjacent to the 2-fold
axes relating VP2 trimers on the capsid, reminiscent of the
“canyon” observed around 5-fold axes in picornavirus particles
(14). Taken together, these observations suggest that birnavi-
ruses may need to interact with two different receptors, one for
attachment located at the top of the spike-which may confer
also tissue tropism and modulate virulence—and a second
receptor for internalization, interacting with the conserved

groove. This pattern has parallels in other nonenveloped vi-
ruses, such as adenoviruses and reoviruses, in which initial
attachment to a specific receptor is followed by interaction
with an integrin for internalization (37, 49). The bottom line of
this study is that, in spite of the detailed knowledge of the
architecture of the virus particles described here and else-
where, understanding the underlying birnavirus biology—its
entry process and the mechanism of attenuation and viru-
lence—absolutely requires now the identification of the vari-
ous host partners used for cell invasion.
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